We show that relaxion, that addresses the hierarchy problem, can account for the observed dark matter (DM) relic density. The setup is similar to the case of axion DM models topped with a dynamical misalignment mechanism. After the reheating, when the temperature is well above the electroweak scale, the backreaction potential disappears and the relaxion is displaced from its vacuum. When the "wiggles" reappear the relxion coherently oscillates around its minimum as in the case of vanilla axion DM models. We identify the parameter space such that the relaxion is retrapped leading to the standard cosmology. When the relaxion is lighter than 10 −4 eV, Hubble friction during radiation-domination is sufficiently strong for retrapping, and even minimal models are found to be viable. It also leads to a new constraint on relaxion models, as a sizable region of their parameter space could lead to overabundant relaxion DM. Alternatively, even a larger parameter space exists when additional friction is obtained by particle production from additional coupling to an additional dark photon field. The phenomenology of this class of models is quite unique, as it implies that, on the one hand, we are surrounded by a time-dependent axion-like field, while, on the other hand, its background behaves as a time-dependent oscillating dilaton/scalar field due to the relaxion-Higgs mixing.
Introduction. The relaxion mechanism provides an alternative solution to the Higgs naturalness problem [1] . Within the relaxion framework, the electroweak (EW) scale is not a fundamental scale of a UV theory, but emerges as a result of dynamical evolution of our universe. The Higgs mass is not a constant but rather a time dependent function of an axion-like field, the relaxion. An example of the potential of relaxion and Higgs that realizes the relaxion mechanism is [2] V (H, φ) = (Λ 2 − gΛφ)|H| 2 − cgΛ 3 
where Λ is the cutoff scale for the Higgs mass, f is axion decay constant, c is an order one coefficient, g ∼ Λ 4 br /f Λ 3 , and Λ br is the scale charactarizing the backreaction potential, with v being the EW scale. A close interplay between relaxion evolution due to the relaxion rolling potential and the backreaction from Higgs-dependent relaxion potential allows the relaxion to be stabilized at the vacuum that provides electroweak scale with UV parameters chosen in a technically natural way (for realisation and further discussions see for instance [1, [3] [4] [5] [6] [7] [8] ).
In this paper, we investigate whether the model presented above can account for the observed dark matter relic density, in the context of the standard ΛCDM cosmology with a high reheating temperature, electroweak phase transition, and radiation domination epoch after inflation. The only non-SM light degree of freedom in a minimal scenario is the relaxion field itself. It is shown that via a dynamical misalignment mechanism the relaxion follows a viable axion-like DM evolution.
Basic idea. Our basic observation is simple as follows. During inflation, the relaxion scans the electroweak Higgs mass, and settles down at one of its local minima. After reheating, the EW symmetry is restored and the backreaction potential disappears. As a result, the relaxion field begins to evolve again, until the backreaction potential appears at some temperature, T ra . Requiring that the relaxion has been trapped in a close-by minima, the relaxion field is displaced from its local mininum with a certain misalignment angle, ∆θ. Consequently, when the Hubble scale drops below its mass, it begins to oscillates around the minimum. This coherently oscillating relaxion field eventually constitutes the DM in the present universe. To understand qualitatively why such a "relaxion-miracle" can occur, consider the relaxion matter density during matter radiation equality in units of the corresponding temperature, T 4 eq : ρ DM /T 4 eq ∼ m 2 φ f 2 /T eq T 3 os ∼ 0.1 where we assume for simplicity ∆θ ∼ 1, T os ∼ v and Λ br ∼ 0.1 GeV. We show below that a light relaxion can be efficiently trapped either via the Hubble friction during the radiation domination era, in a truly minimal model, or via particle production from relaxion coupling to dark photon.
Minimal model. A viable DM model would require that the relaxion is on the one hand sufficiently displaced from its minima after reheating (assuming that it is well above the EW scale) but on the other hand such that the relaxion never dominates the energy density of the universe before the matter-radiation equality, and also keeps the Higgs mass close to its original value set by the dynamics during inflation. Before discussing this, let us consider the dark matter density at the beginning of relaxion oscillation, Y φ (t osc ) = n φ (t osc )/s(t osc ) m φ f 2 (∆θ) 2 /2s(t osc ), t osc is the time when the oscillation begins, and s(t) is the entropy density. The temperature of the universe when the relaxion starts to oscillate is given as T os ≈ min T tr , m φ M Pl where T tr is the temperature of the universe when the relaxion is trapped by the backreaction potential, and the second term in the squared parenthesis is obtained by 3H(T os ) = m φ . The resulting relic abundance at the present universe is arXiv:1810.01889v1 [hep-ph] 3 Oct 2018
where the observed DM abundance is Ω DM h 2 0.12 [9] . Consider the case where the reheating temperature is above the EW scale or at least above T ra . In order for it to be retrapped, a source for dissipation must be present. For this we consider two possibilities; Hubble friction due to the radiation dominated universe, and particle production from relaxion coupling to dark photons. Let us first consider the minimal case where the relaxion evolution is only regulated via Hubble friction, φ + 3Hφ + ∂V (v, φ)/∂φ = 0 . We have assumed that the relaxion field is homogeneous over the size of observable universe as a result of inflation, φ = φ(t). The solution to the equation of motion in radiation dominated universe is given asφ(t) = 2 5 gΛ 3 t 1 − (t rh /t) 5/2 where t rh is the proper time at the reheating. The kinetic energy should be smaller than the backreaction potential at T = T ra ,φ(t ra ) Λ 2 br so that the relaxion is trapped by backreaction potential [10] . In addition, the Higgs mass change should be smaller than electroweak scale. These constraints are interpreted as
The condition on the left is obtained by requiring the kinetic energy to be smaller than the backreaction potential, while the one on the right is obtained by requiring the Higgs mass change to be smaller than EW scale. Given Λ 2 br Λv [3] the first condition is always stronger than the second one. This indicates that if the relaxion mass is smaller than the Hubble scale at T ra , the relaxion evolution after the reheating is under control such that it can be trapped by the backreaction potential at T = T tr = T ra , while it does not change the Higgs mass very much from the EW scale. The relaxion field excursion (effective misalignment) is given by
For m φ H(T ra ), we see that the misalignment angle is ∆θ ∼ 0.1. From Eq. (2), the observed relic abundance could be achieved for m φ 10 −5 eV and f 10 14 GeV. For lighter relaxion mass, m φ H(T ra ), the misalignment angle is suppressed, while the relaxion begins to oscillate later (T 2 os ∼ m φ M Pl ), and the relic abundance scales as Ω φ h 2 ∝ m 9/2 f 2 [11] . Restricting the relaxion decay constant to be sub-Planckian, we find that the DM window for our minimal scenario is 10 −14 T ra 10 MeV 
We finish this part by noting that there is a sizable region that potentially lead to a relaxion overabundance, resulting in a new constraint on minimal models: m φ 10 −7 eV × T ra 100 GeV 16 9 M Pl f 4/9
. (6) Dissipation from dark photons. The main difficulty for heavier relaxion, m φ 5H ra , is that the kinetic energy of relaxion is too large to be trapped by backreaction potential. We thus below focus on this case, otherwise the results presented above holds. The model's parameter space is extended to heavier relaxion mass once we introduce couplings to new fields. In particular adding a coupling to dark photons via the operator (r X /4f )φX µν X µν , with the dark photon field strength X µν = ∂ µ X ν − ∂ ν X µ , and its dual X, would lead to a new source of dissipation (see e.g. [12, 13] ). The new interaction introduces a source term to the equation of motion for relaxion,
providing additional channel for relaxion to dissipate its kinetic energy. At the same time, nonzero kinetic energy triggers an exponential production of dark photon. To illustrate this point, we first expand the dark photon field in Fourier space,
and find the equation of motion for dark photon as X ± + (k 2 ∓ r X kθ )X ± = 0 , where the prime denotes a derivative with respect to the conformal time, dτ = dt/a(t), and θ ≡ φ/f . The nonvanishing classical background, θ = 0, leads to exponential production of one of the helicity modes. Thus, eventually, the source term in the equation of motion becomes comparable to the other terms, effectively alleviating the slope of relaxion potential. As a result, the relaxion field-velocity approaches an asymptotic value [12] , |θ X | ≡ r ξ H, where the coefficient r ξ depends on relaxion parameter only logarithmically, and numerically takes a value around ξ ≡ r ξ r X ∼ O(10) [14] . The time scale that this particle production kicks in is t pp = H −1 pp (5r ξ ) 1/2 m −1 φ . Once particle production becomes efficient, the relaxion kinetic energy is a decreasing function in time. Thus, unlike in the minimal case, even if the relaxion kinetic energy is larger than the barrier size at T ra , the relaxion would be trapped eventually as the asymptotic velocity, θ X , is decreasing with time.
In order to determine the resulting DM density in the presence of dark photons, we need to evaluate the time of trapping, H −1 tr , and the misalignment angle as a function of the model parameters. The Hubble parameter, H tr , is set according to:
where the relaxion velocity is given as |θ| min(r ξ H, m 2 φ /5H), depending on whether efficient particle production has already been activated at T ra . Having determined the Hubble scale at the time of relaxion trapping, we find the relaxion excursion from the reheating to H tr is
where the first term is the relaxion excursion from the reheating to the moment of particle production, while the second term is the relaxion excursion from the moment of particle production to the time of trapping. We find that with r ξ 1 the field excursion within a single Hubble time is generally larger than f , which implies and order one misalignment angle. The last step required to obtain the relic abundance is to identify the temperature of oscillation, in our case, T 2 os ∼ M Pl H tr , according to Eq (7) . In case where H tr = H ra , the dependence follows that of Eq. (2),
For H tr = m φ /r ξ , the relaxion is trapped after T ra , and thus, its relic abundance is less suppressed by the expansion of the universe. In this case, the observed relic abundance is
We note that as we consider the coherently oscillating relaxion DM, its mass should be less than ∼ 10 eV in order to be described by classical field (see for instance [15] ). For this range of relaxion mass, the possible decay channels are into two photons and two dark photons, Γ = Γ γγ + Γ XX , with,
As the mixing angle between the relaxion and Higgs can maximally be sin θ hφ ∼ v/f , the partial width to diphoton is subdominant relative to its decay into dark diphoton, for r X ∼ 1 [16, 17] . Since the decay of dark matter into relativistic particles affects the spectrum of cosmic microwave background at low-multipoles, the lifetime is constrained as Γ −1 > 160 Gyr [18] , and therefore, only mildly constraining our model's parameter space.
As mentioned m 10 eV is required for coherent DM model, on the other hand, the relaxion cannot be too light because of dynamics during the inflationary phase of the universe. Requiring classical evolution of the relaxion field, and also that the inflaton sector would dominate the total energy density of the universe [1] , implies m φ 10 −12 eV × Λ 10 TeV 
We have assumed that the relaxion oscillates around its local minimum after the reappearance of the backreaction potential, while ignoring its coupling to the dark sector. For r X O(10), it has been demonstrated that exponential production of dark photons from parametric resonance would lead to a suppression in the resulting DM abundance [19, 20] . This suppression factor is at most ∼ 10 −2 for r X ∼ O(10 2 ) so that the relaxion could still be a viable dark matter candidate [20] . Nevertheless, we only consider r X O(10) to avoid this region of parametric resonance which further complicates the cosmological evolution. In addition, we point that the dark photon is practically no longer produced after T os , and the contribution of the source term, X µν X µν , to the relaxion equation of motion redshifts as radiation, i.e. ∝ 1/a 4 . Upon averaging over many relaxion oscillation, this residual gauge field merely shifts the local minimum of the relaxion potential adiabatically, and has a negligible effect on the dynamics.
Other constraints. In the minimal relaxion model with sub-eV relaxion mass, additional constraints on our scenario are from long range forces, and observational data on the history of astrophysical bodies, such as red giants, and stars on horizontal branch, which has been investigated thoroughly in [16, 21] . In the presence of relaxion coupling to dark photons, the evolution of the relaxion after reheating continuously produces dark photons, and their energy density at H tr is estimated to be ρ X (T tr ) ∼ r ξ Λ 4 br [12] . As we have assumed that the universe is dominated by radiation, we require this energy density to be smaller than the radiation energy density at the time of trapping, ρ X (T tr ) 3M 2 Pl H 2 tr ∼ T 4 tr . Examining Eqs. (9) and (10) we find that this is satisfied for temperature well below the BBN one which is the model's absolute lower bound.
In Fig. 1 , we present the region of parameter space where the relaxion could be coherent dark matter and also the relevant constraints on our scenario. The black solid lines represent Ω φ = Ω DM for a given choice of relaxion parameters and T ra . It shows three characteristic behaviors depending on the mass of relaxion. For the light relaxion mass, m φ ≤ 5H ra , the Hubble friction itself is enough to trap the relaxion at the reappearance time despite that the dark photon production is not efficient at that time. For intermediate relaxion mass, 5H ra < m φ r ξ H ra , the Hubble friction and dark photon production is not sufficient to trap the relaxion at the reappearance time, but since the kinetic energy is a decreasing function in time, the relaxion is trapped at H tr = m φ /r ξ H ra . As the relaxion starts to oscillate later than T ra , the relic abundance is less sensitive to the change of relaxion mass, which can be observed as a little plateau at the center of black lines in Fig. 1 . For heavier relaxion mass, m φ r ξ H ra , the dark photon production is sufficient enough to trap the relaxion at the reappearance temperature. [22] [23] [24] . The green shaded region corresponds to Λ br v. In the brown region, the relaxion decays into two dark photons, leaving observable signatures in CMB spectrum. No viable relaxion cosmology during inflation exists in the gray shded region. For this gray region, the Higgs mass cutoff is chosen to be Λ = 10 4 , 10 5 GeV.
Discussion. We have shown how relaxion models with
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large reheating temperatures can reproduce the observed dark matter relic abundance. The relaxion behaves as a classical field similar to axion models but does not require any specific value of misalignment angle as an initial condition. On the one hand the relaxion is an axion-like particle, with its mass protected by an approximate shift symmetry, while on the other hand, the relaxion mixes with the Higgs boson and behaves as a classical coherent scalar DM despite the fact that it has nothing to do with the dilaton or scale-invariance symmetry. The physical relaxion is not a CP eigenstate, and this allows relaxion to have both scalar-coupling and pseudoscalar-coupling to SM particles. Due to axion-like coupling to SM particles, axion DM searches can be applied to our relaxion DM scenario (see e.g. [25] and Refs. therein). More interestingly, due to the mixing with the Higgs, fundamental parameters in SM, such as the mass of SM fermions and the fine structure constant, could oscillates because of coherent oscillation of relaxion DM (effect that is far larger than the one resulting from the coupling in charge of the scanning of the Higgs mass [1] ). A change of fundamental constants induced by coherent dark matter field is being actively investigated with precision measurements, such as atomic clocks [26] [27] [28] . It is also interesting to point that in the region where f 10 10 GeV our relaxion dark matter could also solve the strong CP problem [29] . This is a unique case where a single degree of freedom is associated with a possible solution to the hierarchy problem, the strong CP problem, and at the same time being a viable dark matter candidate. We finally note that Ref. [30] , which discusses the possibility of the relaxion being a particle dark matter with low reheating temperature, appeared, while our paper was in its last phase of preparation.
